Abstract. The isotopic composition of organic carbon buried in marine sediments is an appealing proxy for palaeo CO 2 concentrations due to the well-documented effect of CO 2 concentrations on carbon fractionation by phytoplankton. However, a number of factors, in addition to CO 2 concentrations, influence this fractionation. Included among these factors are cell geometry, in particular surface/volume ratios, growth rate, and the presence of CO 2 concentrating mechanisms. Other potentially confounding factors are calcification, diagenesis, and the nature of the growth-rate-limiting factor, e.g. light vs nutrients. Because of these confounding factors, palaeoreconstructions based on the isotopic composition of organic carbon (δ 13 C) will almost certainly have to be based on the isotopic signatures of organic compounds that can be associated with a single species, or group of physiologically similar species. Long-chain alkenones produced by certain species of coccolithophores may provide a suitable diagnostic marker. By combining the δ 13 C of the alkenone carbon with the δ 13 C of coccolith carbon and the Sr/Ca ratio of the coccoliths, it is possible to calculate the extent of carbon fractionation (ε p ) and estimate growth rates. However, active transport of inorganic carbon tends to make ε p insensitive to CO 2 concentrations when the ratio of growth rate to CO 2 concentration exceeds ∼ 0.285/r kg µmol -1 d -1 , where r is the effective spherical radius of the cell in microns. Palaeo CO 2 concentrations calculated from alkenone and coccolith δ 13 C data capture the gross features of CO 2 concentrations in the Vostok ice core, but explain only 30-35% of the variance in the latter. The absence of a higher correlation may in part reflect the impact of active transport, particularly during glacial times. The impact of active transport may have been less severe prior to the Pleistocene, since CO 2 concentrations are believed to have been higher than present-day values during most of Phanerozoic time.
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Motivation for the use of δ δ δ δ 13 C to reconstruct palaeoclimates In recent years, the δ 13 C of marine organic matter has found frequent application in chemostratigraphic correlations (Knoll et al. 1986; Kaufman et al. 1991) and as an indicator of palaeoenvironmental conditions (Arthur et al. 1985; Dean et al. 1986; Hayes et al. 1989) . Plants, including marine phytoplankton, discriminate strongly against 13 C in the photosynthetic process (Degens et al. 1968; Pardue et al. 1976) . In some cases, the degree of discrimination has been shown to be highly correlated with the concentration of dissolved CO 2 (Mizutani and Wada 1982; Laws et al. 1995) . Thus, the δ 13 C of organic carbon synthesized by marine phytoplankton and buried in sediments is a potentially useful indicator of CO 2 concentrations in the geologic past .
Atmospheric CO 2 concentrations are believed to have varied over a wide range during the history of the Earth (Fig. 1) . The first appearance of chlorophytes and dinoflagellates at the beginning of the Ordovician, ∼ 500 million years ago (mya), was a time when atmospheric CO 2 concentrations were as much as 15-20 times present values (Berner 1994) . Indeed, from the beginning of the Phanerozoic Eon 544 mya to the beginning of the Pleistocene Epoch 1.8 mya, atmospheric CO 2 concentrations are believed to have consistently exceeded 350 parts per million by volume (ppmv; Berner 1994) . However, data from the Vostok ice core (Fig. 2) indicate that during the last 420000 years, CO 2 Abbreviations used: CA, carbonic anhydrase; C e , concentration of CO 2 in the external medium; C i , intracellular concentration of CO 2 ; CO 2 (aq), aqueous CO 2 ; ka, 1000 years; mya, million years ago; P, permeability of the plasmalemma to CO 2 ; pCO 2 , partial pressure of CO 2 ; ppmv, parts per million by volume; δ 13 C, carbon isotopic composition; ε p, extent of carbon fractionation.
concentrations have varied between ∼ 180 and 300 ppmv (Barnola et al. 1987; Petit et al. 1999) . Thus, during Phanerozoic time, atmospheric CO 2 concentrations have varied from roughly half current values to concentrations more than an order of magnitude higher.
If the δ 13 C of organic carbon in marine sediments is related in a consistent way to the concentration of dissolved CO 2 in the surface waters of the ocean, then the record of surface water CO 2 concentrations could be extended to more than 100 mya. For comparison, the record of atmospheric CO 2 concentrations from the Vostok ice core has recently been extended to only 0.42 mya (Petit et al. 1999) . The sedimentary record of 13 C is therefore a potentially valuable tool for reconstructing palaeo CO 2 concentrations.
Factors that confound the relationship between δ δ δ δ 13 C and CO 2
Variable composition of bulk carbon
Unfortunately, a number of factors can potentially confound the use of the sedimentary δ 13 C as a proxy for palaeo CO 2 concentrations. First, sedimentary organic carbon consists of carbon derived from many sources. Virtually all metabolic processes discriminate against 13 C to some extent. For example, because of differences in the metabolic pathways leading to their production, algal lipids are depleted in 13 C relative to polysaccharides and protein by ~ 6 and 5‰, respectively (Hayes 2001) . The organic carbon resulting from secondary production will, in general, have a different isotopic signature than photosynthetically fixed carbon, and diagenesis can alter the δ 13 C of organic carbon in sediments. Although some workers have contended that the isotopic composition of bulk suspended organic matter, as well as sedimentary organic materials, provide accurate average values of the isotopic composition of photosynthetically fixed carbon (Rau et al. 1989 (Rau et al. , 1991 (Rau et al. , 1992 , several authors have suggested that misinterpretation of environmental variations may result from analyses of bulk organic materials, and advocate the use of compound-specific isotopic analyses (Hayes et al. 1987 Boreham et al. 1989 Boreham et al. , 1990 Ocampo et al. 1989; Popp et al. 1989; Freeman et al. 1990; Jasper and Hayes 1990) . The customary assumption in the interpretation of compound-specific isotopic analysis results is that the offset in δ 13 C between the compound in question and the δ 13 C of the organic carbon of the organism that produced the compound is constant (i.e. the ∆δ 13 C is constant), or at least unaffected by the conditions that caused the δ 13 C of the compound to change (Laws et al. 1995 (Laws et al. , 2001 .
Growth rate effects
Second, theoretical considerations and experimental results indicate that carbon fractionation by phytoplankton is negatively correlated with the ratio of inorganic carbon demand to supply. The common measures of demand and supply are photosynthetic rate and the concentration of CO 2 . Francois et al. (1993) , for example, showed that ε p , approximately the difference between the δ 13 C of the aqueous CO 2 and phytoplankton carbon, should closely follow the equation:
where ε 1 , ε -1 , and ε 2 are the isotopic discriminations associated with whatever process brings inorganic carbon through the plasmalemma into the cell, diffusion back into the surrounding water, and enzymatic carboxylation to produce organic carbon, respectively, and ƒ is the fraction of the inorganic carbon taken up by the cell that diffuses back into the water. Assuming that the rate of diffusion of CO 2 back into the water is proportional to the intracellular concentration of CO 2 (C i ; with dimensions of g C m -3 ), Eqn 1 can be rearranged to give: (2) where µ is the growth rate of the cell (d -1 ), C is the organic carbon content of the cell (g C cell -1 ), and P is the permeability of the plasmalemma to CO 2 (m d -1 ) multiplied by the surface area of the cell (m 2 cell -1 ). Testing this equation requires knowledge of C i , which is virtually never known. However, if one is willing to assume that inorganic carbon enters the cell solely by passive diffusion of CO 2 , Eqn 2 can be rearranged to give:
where C e is the concentration of CO 2 in the external medium (Farquhar et al. 1982; Francois et al. 1993; Laws et al. 1995; Rau et al. 1996) . Since ε 2 is expected to be ∼ 25-28‰, and ε 1 and ε -1 ∼ 1‰ (Raven and Johnston 1991; Goericke et al. 1994) , Eqn 3 predicts a negative correlation between ε p and µ/C e . Experimental data consistent with Eqn 3 were reported for the marine diatom Phaeodactylum tricornutum Bohlin (Fig. 3) by Laws et al. (1995) . One expects that P and C will be proportional to the surface area and volume of the cell, respectively, and theoretical models incorporating that assumption were developed by Rau et al. (1996) and Popp et al. (1998b) . Popp et al. (1998b) showed that experimental data from several species with very different surface area/volume ratios were consistent with the surface area/ volume hypothesis (Fig. 4) . The results of Burkhardt et al. (1999a) also indicate that some of the variability in isotope fractionation can be accounted for by differences in cellular carbon content and cell surface area between species. Nevertheless, Burkhardt et al. (1999a) found large residual variability in ε p for any given combination of growth rate, cellular C content, cell surface area, and CO 2 concentration. Some of the variability was attributed to species-specific differences in mechanisms of inorganic carbon acquisition or in the properties of Rubisco. However, large differences in isotopic fractionation were also found within single species, indicating that other unknown factors contributed to the isotopic composition of algal cells.
The role of growth rate and CO 2 concentration in controlling ε p was initially deduced from experimental results obtained in nutrient-limited chemostat cultures (Laws et al. 1995 Bidigare et al. 1997; Popp et al. 1998b) . Studies conducted with batch cultures have not revealed a consistent pattern between these variables (Hinga Relationship between µ/CO 2 and ε p for the marine diatom Phaeodactylum tricornutum for µ/CO 2 < 0.14 kg µmol -1 d -1 . (a)
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Relationship between ε p and µ/CO 2 for several marine phytoplankton without (a) and with (b) normalization to surface/volume ratio (Popp et al. 1998b (Popp et al. ). et al. 1994 Calvert 1994, 1995; Johnston 1996; Laws et al. 1998; Burkhardt et al. 1999a) . Part of the discrepancy may be due to poorly constrained experimental conditions in some batch culture incubations, or speciesspecific differences in isotope fractionation. For example, batch culture studies with P. tricornutum have shown that the apparent fractionation in cultures that are agitated twice per day is ∼ 1.5‰ less than the fractionation of cultures that are continuously stirred (Table 1 ). The likely explanation for this result is that continuous stirring helps to eliminate gradients that would otherwise develop around cells that sink to the bottom of the culture flask between the times that batch cultures are agitated. Relating fractionation to the chemical characteristics of the bulk medium requires that the chemical environment of the cells be well defined. This is not necessarily the case when cultures are agitated twice per day but otherwise allowed to settle out. Such considerations, however, appear unable to explain the discrepancies in fractionation of as much as 10‰ that exist between some chemostat and dilute batch culture results. For instance, at high C e and low growth rate, nitrate-limited chemostat and light-limited turbidostat incubations have consistently yielded ε p values of about 25‰, i.e. close to the isotopic fractionation of the carboxylating enzyme Rubisco (Laws et al. 1995 Bidigare et al. 1997; Popp et al. 1998b; Rosenthal et. al. 2000) . At similar C e and growth rates, in batch culture incubations in which growth rates were either controlled by photon flux density or were nutrient saturated, isotope fractionation was found to be much lower than in nutrient-limited chemostat cultures (Hinga et al. 1994; Johnston 1996; Korb et al. 1997; Burkhardt et al. 1999a, b; Riebesell et al. 1999; P. Falkowski, pers. comm.) .
One factor that could potentially confound the relationship between ε p and µ/C e for a particular species is the fact that changes in growth conditions can alter the relative amounts of protein, carbohydrate, and lipid in the cell (Laws 1991) . Because lipid is isotopically light by 5-6‰ compared with protein and carbohydrate, a large shift in the percentage of lipid in a cell due to a change in environmental conditions (e.g. a change in temperature or a change from light-to nutrient-limited conditions) could significantly alter the apparent ε p , even though there was no change in growth rate or CO 2 concentration. Terry et al. (1985) studied the allocation of cellular carbon to protein, polysaccharide, and lipid in P. tricornutum grown under light-, ammonium-, and phosphate-limited conditions. The fraction of cellular carbon allocated to lipid was significantly correlated with growth rate only in the case of ammonium-limited growth. In that case, there was a negative correlation (r=-0.95) between growth rate and percent lipid carbon. Although the range of growth rates was more than a factor of 8 (0.15-1.3 d -1 ) and the percentage of lipid carbon increased from 32 to 49% between the highest and lowest growth rate, the calculated difference in δ 13 C between the highest and lowest growth rate was only ∼ 1‰ (i.e. 17% of 5-6‰). This is much less than the range of ε p (10-20‰) reported from some laboratory studies Popp et al. 1998b ). The implication is that changes in the percentage of carbon allocated to lipid have little to do with the reported variability in ε p or with the differences between chemostat and batch culture results.
Calcification
Calcification has the potential to alter fractionation patterns by increasing the supply of CO 2 via the reaction:
Like many coccolithophorids, Emiliania huxleyi (Lohmann) Hay and Mohler produces coccoliths in a special intracellular compartment that has two morphologically distinct, lumenally-connected, parts called the reticular body and coccolith room (Van Emberg 1989) . Mineralization is restricted to the coccolith room. Because bicarbonate is isotopically heavy by about 10‰ relative to CO 2 , it is possible that CO 2 produced from bicarbonate via Eqn 4 would be isotopically heavy. Fixation of that CO 2 could therefore reduce the apparent discrimination against 13 C. However, several lines of evidence suggest that calcification does not supply isotopically heavy CO 2 for photosynthesis. First, short-term isotope disequilibrium studies by Elzenga et al. (2000) on two calcifying strains of E. huxleyi showed that both strains were taking up CO 2 , not bicarbonate. One strain possessed an extracellular carbonic anhydrase (CA) and hence could use bicarbonate within its periplasmic space via the reaction: (5) However, because the 13 C kinetic isotope effect on the dehydration of HCO 3 -by CA is 10.1‰ (Paneth and O'Leary 1985) , 'the δ 13 C signal resulting from carbonic anhydrasemediated HCO 3 -uptake and CO 2 uptake would essentially be indistinguishable' (Riebesell and Wolf-Gladrow 1995) . Second, Buitenhuis et al. (1999) have shown that in E. huxleyi calcification does play a significant role in provid- 
Reaction 6 is then followed by reaction 5, which, as noted, yields CO 2 that is isotopically light by 10.1‰ relative to bicarbonate. Consistent with this scenario is the observation by Laws et al. (1998) that at low growth rates, coccoliths produced by E. huxleyi are isotopically heavy by 35‰ relative to organic carbon. They concluded that the bicarbonate used for calcification was in isotopic equilibrium with the CO 2 used for photosynthesis, and that, consistent with Eqn 3, photosynthetic fractionation in the limit of low µ/C e was 25‰. Finally, Bidigare et al. (1997) studied the relationship between ε p and µ/C e for a calcifying strain (B92/11) and noncalcifying strain (BT6) of E. huxleyi. They found no difference in the relationship between ε p and µ/C e for the two strains (Fig. 5) .
Active transport and the presence of a carbon concentrating mechanism
Although the biochemical characteristics of phytoplankton are in many respects similar to those of conventional C 3 higher plants (Kerby and Raven 1985) , some of their gas exchange characteristics more closely resemble those of C 4 plants. Most phytoplankton have a high affinity for CO 2 , low levels of inhibition of photosynthesis by oxygen, and low CO 2 compensation concentrations (Burns and Beardall 1987; Raven and Johnston 1991) . Those characteristics suggest that they possess a CO 2 concentrating mechanism (CCM), which increases the CO 2 concentration at the active site of Rubisco.
The existence of a CCM in marine microalgae has been inferred from the fact that at low C e or inorganic carbon concentrations, the corresponding intracellular concentrations exceed the concentrations in the growth medium (Zenvirth and Kaplan 1981; Badger and Andrews 1982; Burns and Beardall 1987) . Uncertainty regarding the nature of the CCM concerns; (i) whether inorganic carbon is actively transported into the cell, and if so whether bicarbonate or CO 2 is actively transported, (ii) whether the CCM is located at the chloroplast envelope and/or at the plasmalemma, and (iii) whether CA is associated with the CCM, and if so, whether it is internal and/or external (Burns and Beardall 1987) . Despite these uncertainties, there is no question that many microalgae and cyanobacteria possess a CCM Beardall and Giordano 2002; Colman et al. 2002; Price et al. 2002) .
Direct evidence that many phytoplankton actively transport inorganic carbon and possess a CCM has come from experiments with metabolic inhibitors and estimates of intracellular CO 2 concentrations (Kerby and Raven 1985; Patel and Merrett 1986; Burns and Beardall 1987; Dixon and Merrett 1988; Nimer et al. 1996; Badger et al. 2002; Beardall and Giordano 2002; Colman et al. 2002; . The first isotopic evidence for active uptake was reported by Laws et al. (1997) . In their extended studies with P. tricornutum, Laws et al. (1997) showed that Eqn 3 gave an inadequate description of the relationship between ε p and µ/C e when µ/C e exceeded ∼0.3 kg µmol -1 d -1 (Fig. 6) . Laws et al. (1997) postulated that CO 2 entered the cell both by passive diffusion and by active transport, and that, via active transport, the cell adjusted its internal CO 2 concentration so as to minimize the energetic costs of transporting CO 2 from the external medium to the site of carboxylation (Raven and Lucas 1985) . Based on this energy minimization model, they concluded that the relationship between ε p and 
where and β is a constant equal to the ratio of net diffusional loss of CO 2 to carbon fixation. Subsequently, Keller and Morel (1999) developed a model that allows for active transport of either CO 2 or bicarbonate. Their equation for ε p takes the form: (8) where γ is the ratio of active transport to carbon fixation, and δ 13 source is the δ 13 C of the inorganic carbon that is actively transported into the cell. Rearrangement of Eqn 7 gives: (9) which is identical to Eqn 8 if CO 2 is the form of inorganic carbon being actively transported (n. b. β ≡ γ -1). Examination of Eqn 8 makes it clear that isotope fractionation alone cannot be used to distinguish between active uptake of CO 2 and active uptake of bicarbonate. For example, if CO 2 is the form of inorganic carbon being actively transported, then δ 13 CO 2 -δ 13 source = 0‰. However, if bicarbonate is the form of inorganic carbon being actively transported, then δ 13 CO 2 -δ 13 source ≅ 10‰. This change will have no effect on the calculated value of ε p if γ increases by an appropriate amount and P changes in direct proportion to γ. For example, Keller and Morel (1999) were able to obtain a good fit to the P. tricornutum data of Laws et al. (1997) by assuming active transport of CO 2 with γ = 1.2, or active transport of bicarbonate with γ = 2.2. In the former case, the implication is that the cells are actively transporting CO 2 at a rate 20% higher than the photosynthetic rate in order to make up for diffusional losses of CO 2 . In the latter case, the cells are actively transporting bicarbonate at a rate 120% higher than the photosynthetic rate in order to make up for diffusional losses. Clearly, the bicarbonate active transport scenario implies a much less efficient use of actively transported carbon, but from a strictly mathematical standpoint there is no reason to prefer one scenario to the other.
An important implication of Eqns 8 and 9 is that ε p will become insensitive to µ/C e when µ/C e is large. Large in this context means that:
. Reported values of membrane permeability to CO 2 range from 3 × 10 -8 m s -1 (Salon et al. 1996) to 3.5 × 10 -3 m s -1 (Gutknecht et al. 1977) . Using 10 -5 m s -1 as a working mean, P in Eqns 8 and 9 equals 10 -5 m s -1 multiplied by the surface area of the cell. According to Montagnes et al. (1994) , C in pg cell -1 is approximately equal to 0.109 times the volume of the cell in µ 3 . Assuming spherical geometry,
where r is the radius of the cell in µm. Assuming that 1 + β is of order unity (see above), ε p for an organism such as P. tricornutum, which has a large surface-to-volume ratio and an effective spherical radius of only 1.2 µm (Popp et al. 1998b) , would begin to exhibit significant non-linearity as a function of µ/C e , when µ/C e > 0.285/1.2 = 0.24 kg µmol -1 d -1 . At a typical C e concentration of 10 µmol kg -1 , this condition would require that the growth rate during the photoperiod exceed 2.4 d -1 . For an organism such as E. huxleyi, with a spherical radius of 2.6 µm (Popp et al. 1998b) , the corresponding photoperiod growth rate would be 1.1 d -1 . The conclusion is that active transport of inorganic carbon will cause ε p to become insensitive to µ/C e at high values of µ/C e , and this problem will be more troublesome for large cells than small cells. A recent comparison of field and laboratory data of isotopic fractionation, growth rates, and aqueous CO 2 [CO 2 (aq)] concentrations by Tortell et al. (2000) , indicates that this non-linear behaviour is a common feature in laboratory and field isotopic results (Fig. 7) . The results of Tortell et al. (2000) suggest that non-linear behaviour is expected to occur in natural phytoplankton growing at µ > 1-2 d -1 in air-equilibrated seawater with a CO 2 (aq) concentration of about 10 µmol kg -1 .
Implications for palaeoreconstructions
Both Eqns 8 and 9 indicate that the slope of the ε p vs µ/C e relationship will be reduced by a factor of 4 from its initial value (i.e. the value as µ/C e → 0) when: . Thus, active transport of inorganic carbon, which appears to be a characteristic of most if not all marine phytoplankton (Raven and Johnston 1991; Badger et al. 2002; Beardall and Giordano 2002; Colman et al. 2002; Price et al. 2002) , reduces the application of carbon fractionation to species for which:
In other words, ε p becomes insensitive to µ/C e when:
. However, this is not the only constraint on the use of 13 C discrimination for palaeoreconstructions.
The dependence of carbon fractionation on cell geometry (Popp et al. 1998b ) and the heterogeneous nature of bulk sedimentary carbon, argue strongly that palaeoreconstructions be based on the isotopic signatures of biomarkers that can be associated with a particular species of phytoplankton. Highly branched unsaturated C 20 , C 25 , and C 30 alkenes are observed in most marine sediments, and the occurrence of C 25 and C 30 alkenes has been reported in two diatoms, Haslea ostrearia and Rhizosolenia setigera . Unfortunately, some of the double bonds are labile, and their position will rearrange when the alkenes are deposited in sediments (Volkman et al. 1997) . Because of the labile nature of these compounds, their use as isotopic biomarkers is problematic.
The long-chain (C 37 , C 38 , and C 39 ) alkenones produced by E. huxleyi and some other haptophytes (Brassell 1993) are probably the best candidate biomarkers for palaeoreconstructions. E. huxleyi occurs throughout the world's oceans, from polar regions of high productivity to the oligotrophic subtropical gyres (Westbroek et al. 1993) . It is the dominant coccolithophorid in waters cooler than 20°C and warmer than 25°C, but co-exists with a diversity of related species at intermediate temperatures. The closely related Gephyrocapsa oceanica also produces C 37-39 alkenones and may be an important source of those compounds in certain oceanic regions (Conte et al. 1994 (Conte et al. , 1995 Volkman et al. 1995) . Alkenones are well preserved in marine sediments, and their molecular distributions and isotopic composition have been used to infer palaeo-sea surface temperatures (Brassell 1993) and CO 2 partial pressure (pCO 2 ) values (Jasper and Hayes 1990; Jasper et al. 1994; Pagani et al. 1999) , respectively. Grice et al. (1998) have recently shown that the unsaturation ratio and carbon isotopic composition (δ 13 C) of long-chain alkenones in Isochrysis galbana were identical to those egested in faecal material, and concluded that zooplankton herbivory does not invalidate the use of alkenone-based proxies for reconstructing sea surface temperature and pCO 2 . While the noncalcifying haptophytes Crysotila and Isochrysis can also produce C 37-39 alkenones, they are not considered a likely source of alkenones in open oceanic waters, since their distributions are restricted to coastal waters (Marlowe et al. 1990) .
Perhaps the most convincing evidence that the isotopic composition of long-chain alkenones can provide a proxy for palaeo CO 2 concentrations comes from the comparison of pCO 2 concentrations from the Vostok ice core with values inferred from the ε p of alkenones (Jasper and Hayes 1990; Jasper et al. 1994; Pagani et al. 1999; Stoll and Schrag 2000) . ε p is calculated from the δ 13 C of the alkenone and calcite tests produced by the planktonic foraminifera Globigerinoides ruber using the assumption that the latter are depleted in 13 C by 0.5‰ relative to dissolved inorganic carbon (Jasper and Hayes 1990) . After applying a 16-ka smoothing function to minimize problems of age correlation, Stoll and Schrag (2000) reported a correlation coefficient of 0.55-0.60 between pCO 2 calculated from the Vostok ice core and alkenone ε p for the last 250 ka (Fig. 8) . The fact that the alkenone data mimic the gross features of the ice core data implies that carbon fractionation by alkenone-producing coccolithophores has been responsive to palaeo CO 2 concentrations. The fact that the alkenone data explain only 30-35% of the variance in the Vostok data may be due, in part, to the impact of CCMs on carbon fractionation. In other words, environmental conditions, particularly during glaciations, may have caused µ/C e to exceed:
. This is likely to have been less of a problem prior to the Pleistocene, since CO 2 concentrations are believed to have been higher than present-day values for most of Phanerozoic time (Fig. 1) .
Unresolved questions concerning carbon fractionation by E. huxleyi
Refining calculations of palaeo CO 2 concentrations from the carbon isotopic signatures of C 37-39 alkenones will require resolution of several issues. First, the relationship between Instantaneous growth rates were calculated as described in Burkhardt et al. (1999a) .
ε p and µ/CO 2 for both calcifying (clone B92/11) and noncalcifying (clone BT6) strains of E. huxleyi reported by Bidigare et al. (1997) using nitrate-limited continuous cultures with constant irradiance, contrasts with the results of Riebesell et al. (2000) , who grew strain B92/11 in dilute batch culture on a 16-h light:8-h dark regime over a wide range of CO 2 concentrations (1.1-53.5 µM) but a narrow range of photoperiod growth rates (0.76-0.96 d -1 ). Not only is the relationship between ε p and µ/CO 2 different in the two studies, but Riebesell et al. (2000) found the ∆δ 13 C of E. huxleyi alkenones to be much more negative (-5.4‰) than did Popp et al. (1998a; -4.1‰) . The discrepancy between the two sets of results suggests that fractionation is a more complex function of growth conditions than is suggested by Eqns 8 and 9.
Second, to the extent that fractionation is a function of both growth rate and CO 2 concentration, some mechanism must be identified to estimate growth rates. Pagani et al. (1999) accomplished this by developing alkenone-based ε p sedimentary records from low-productivity, stable oceanographic environments where surface-water-dissolved CO 2 is presumed to be in equilibrium with the atmosphere. In this way, variations in surface water phosphate and, thus, growth rates of alkenone-producing microalgae are minimized, and changes in C e dominate variations in ε p . Stoll and Schrag (2000) recently presented preliminary evidence that growth rate controls the Sr uptake in the coccolith fraction in sediments. They used a downcore Sr/Ca record from the MANOP-C site to correct the alkenone ε p record of Jasper et al. (1994) for growth-rate variations. The growth-rate corrected alkenone data matched the timing of interglacial pCO 2 in the Vostok core at 0, ∼ 130, and ∼ 240 ka, whereas the uncorrected curve placed the stage 5 maximum at ∼ 80 ka instead of ∼ 130 ka. However, the correlation coefficients between the corrected and uncorrected alkenone data and the Vostok curve were not significantly different. The results of Stoll and Schrag (2000) imply that the Sr/Ca ratio in coccoliths may be used to infer growth rate variations in alkenone-producing algae. Although Stoll and Schrag (2000) used the bulk coccolith fraction for Sr/Ca analysis, the recent work of Ziveri et al. (2000) suggests that species-specific coccolith Sr/Ca records may be obtained from sediments. Since there are two potential approaches to constrain growth rates in the alkenone-producing algae, and because use of alkenones can limit uncertainty in cell size and shape, isotopic analysis of alkenones remains a potential tool for reconstruction of ancient atmospheric CO 2 levels.
In order to fully utilize the potential for sedimentary alkenone ε p variations to produce reliable palaeo-pCO 2 (aq) records, further laboratory studies are required to clarify the dependence of the relationship between ε p and µ/C e on the culture method, the dependence of growth condition on ∆δ 13 C of E. huxleyi alkenones, and the relationship between coccolith Sr/Ca and growth rate in E. huxleyi. Conclusive field experiments in a variety of marine environments are also required to determine the effect growth rates of natural populations of alkenone-synthesizing algae have on carbon isotopic fractionation and coccolith Sr/Ca. The latter may require the development of novel techniques to measure in situ growth rates of alkenone-producing algae (e.g. see Laws et al. 2001) . Jasper et al. (1994) assuming constant algal growth rates and (b) after correction for variations in growth rates based on the Sr/Ca ratio in coccoliths. Panel c shows the corresponding CO 2 concentrations from the Vostok ice core (Stoll and Schrag 2000) .
